Many genes inherited from the a-proteobacterial ancestor of mitochondria have undergone evolutionary transfer to the nuclear genome in eukaryotes. In some rare cases, genes have been functionally transferred in pieces, resulting in split proteins that presumably interact in trans within mitochondria, fulfilling the same role as the ancestral, intact protein. We describe a nucleus-encoded mitochondrial protein (here named Cox1-c) in the amoeboid protist Acanthamoeba castellanii that is homologous to the C-terminal portion of conventional mitochondrial Cox1, whereas the corresponding portion of the mitochondrion-encoded A. castellanii Cox1 is absent. Bioinformatics searches retrieved nucleus-encoded Cox1-c homologs in most major eukaryotic supergroups; in these cases, also, the mitochondrion-encoded Cox1 lacks the corresponding C-terminal motif. These data constitute the first report of functional relocation of a portion of cox1 to the nucleus. This transfer event was likely ancient, with the resulting nuclear cox1-c being differentially activated across the eukaryotic domain.
Mitochondria are biochemically and ultrastructurally diverse eukaryotic organelles whose complete protein repertoire (proteome) ranges from several hundred to .1,000 polypeptides (Richly et al. 2003; Sickmann et al. 2003; Heazlewood et al. 2004; Smith et al. 2007 ). Although mitochondria have retained a relict genome (mitochondrial DNA [mtDNA] ), the majority (.95%) of proteins that function in mitochondria are encoded in the nucleus (nuclear DNA [nuDNA] ) and imported posttranslationally (Neupert and Hermann 2007) . Many genes formerly encoded by mtDNA have been functionally transferred to the nucleus via endosymbiotic gene transfer (EGT; see Gray et al. 1999) . Functional mitochondrion-to-nucleus EGT no longer occurs in animals but is still an active process in green algae (Pérez-Martínez et al. 2001 ) and land plants (Adams et al. 2000; Adams and Palmer 2003) .
In most cases, the integrity of a gene is preserved in the course of gene transfer (i.e., the gene remains a single, continuous entity). However, several cases have been reported of fission in genes coding for mitochondrial proteins, resulting in either both halves encoded in the nuDNA (Gawryluk and Gray 2009; Pérez-Martínez et al. 2001) or one part encoded in the mtDNA and the other in the nuDNA (Adams et al. 2001; Funes et al. 2002) . A notable example of mitochondrial gene fission is cox2 in chlorophyte algae. Whereas both halves (Cox2a and Cox2b) of the typical Cox2 protein are encoded in the nuDNA in Chlamydomonas (Pérez-Martínez et al. 2001) , Cox2a has been retained in the mtDNA of Scenedesmus (Nedelcu et al. 2000) , whereas Scenedesmus Cox2b is nucleus-encoded (Funes et al. 2002) : a clear scenario for the separate functional transfer of two halves of a mitochondrial gene to the nucleus.
From an evolutionary perspective, most documented examples of fissioned mitochondrial genes are relatively recent, that is, the events leading to them have occurred within well-recognized lineages, such as chlorophyte algae (Pérez-Martínez et al. 2001) , euglenozoons (Gawryluk and Gray 2009 ), or eudicots (Adams et al. 2001) , and are therefore phylogenetically meaningful (Gawryluk and Gray 2009) and relatively straightforward to interpret (but cf. Funes et al. 2002; Waller and Keeling 2006) .
We describe here a previously undetected split in the C-terminal region of the cytochrome c oxidase subunit 1 gene (cox1), a fission that has a punctate distribution within eukaryotes. We suggest that this distribution coupled with the phylogenetic breadth covered by this unique molecular event (which is evident in at least four of six currently proposed [Keeling et al. 2005 ] eukaryotic supergroups) reflects an ancient partial gene transfer that was differentially activated in diverse eukaryotic lineages.
During an ongoing investigation of the mitochondrial proteome of the amoeboid protozoon Acanthamoeba castellanii, a high-confidence peptide that matched an inferred 24.8-kDa nucleus-encoded protein (based on a translated expressed sequence tag [EST]) was identified by tandem mass spectrometry. Blastp (Altschul et al. 1997) analyses demonstrated that a short (;25 amino acid) region of this protein exhibits strong similarity to a conserved motif present within the C-terminal region of Cox1 proteins from a-proteobacteria and minimally divergent mtDNAs (e.g., Reclinomonas and Marchantia; see fig. 1 ), whereas the remainder of the inferred protein sequence shows no strong similarity to proteins in available sequence databases. Multiple protein alignments established that the mtDNAencoded ''fused'' Cox1/2 of Acanthamoeba (Burger et al. 1995; Lonergan and Gray 1996) lacks this C-terminal portion, which we consider to be an ancestral part of a covalently continuous (i.e., conventional) Cox1 due to its presence in this form in a-proteobacteria and Reclinomonas mitochondria (Lang et al. 1997) . We refer to the nuDNA-encoded Acanthamoeba protein homologous to the C-terminal portion of full-length Cox1 as ''Cox1-c'' and the truncated mtDNA-encoded Cox1 homolog as ''Cox1(-).''
The Acanthamoeba Cox1-c sequence was used to query the proteome of a related amoebozoon, Dictyostelium discoideum (Eichinger et al. 2005) via Blastp. This search identified a homolog that is similar to Cox1-c in the region of the conserved motif of conventional Cox1, although the degree of similarity is not as great as in the case of the Acanthamoeba Cox1-c. The Dictyostelium Cox1-c homolog had already been identified as the largest nuDNA-encoded constituent of the Dictyostelium cytochrome oxidase complex and was previously named CoxIV (Bisson and Schiavo 1986) . However, the authors failed to recognize the similarity to the C-terminus of conventional Cox1 (likely because the motif is not as well conserved in Dictyostelium) and suggested instead that this protein might be related to subunit VI of yeast and subunit Va of human cytochrome oxidase (Rizzuto et al. 1991) . Together, these results suggest that the novel Acanthamoeba Cox1-c protein is a bona fide component of the cytochrome oxidase complex and that Dictyostelium CoxIV is homologous to the C-terminal portion of conventional Cox1.
We generated a phylogenetically broad alignment in order to examine the C-terminal portion of mtDNA-encoded Cox1 across the diversity of eukaryotes ( fig. 1) . The alignment revealed that the ancestral C-terminal motif of Cox1 is missing from the mtDNA of a wide variety of eukaryotes (i.e., they encode Cox1(-) rather than Cox1), including species from four of the six currently proposed eukaryotic supergroups. In contrast to Acanthamoeba and Dictyostelium, where the continuous nature of the Cox1/2 open reading frame (Burger et al. 1995) obscures the actual C-terminus of mature Cox1(-), other inferred Cox1(-) sequences are clearly truncated.
We hypothesized that separate, nuDNA-encoded homologs of Cox1-c might be present in those eukaryotes with an mtDNA-encoded Cox1(-). Searches of EST, nuclear genomic, and inferred protein sequence databases allowed us to identify nuDNA-encoded homologs of Cox1-c in many of the species lacking the motif in mtDNA-encoded Cox1(-) 
NOTE.-Organisms are categorized according to eukaryotic supergroup membership (Keeling et al. 2005) . ''Cox1'' refers to intact (conventional) Cox1 in the mtDNA, whereas ''Cox1(-)'' specifies truncated mtDNA-encoded Cox1. ''Cox1-c'' is a nuDNA-encoded protein homologous to the C-terminal portion of Cox1. GenBank accession numbers are provided in supplementary table 1 (Supplementary Material online).
( fig. 1 ). Cox1-c homologs exist in the supergroups Amoebozoa, Chromalveolata, Rhizaria, and Excavata (table 1) , all of which also encode a Cox1(-) in their mtDNA. Although not all Cox1-c homologs are as similar to the C-terminus of conventional Cox1 as is Acanthamoeba Cox1-c, a consensus motif S-P-P-P-X-H (the H 100% conserved) aids in the identification of bona fide Cox1-c homologs ( fig. 1 ,* denotes conserved H). As expected, the mitochondrial targeting peptide program TargetP (Emanuelsson et al. 2000) predicts mitochondrial localization for Cox1-c homologs having complete N-terminal sequence, at a probability of 0.65. The retention of Cox1-c coding sequence in the nuDNA of many eukaryotes after it was lost from the mtDNA argues strongly for the functional importance of this region of Cox1. None of the residues required for coordination of metal clusters is located within the extreme C-terminus of Cox1; however, crystal structures of the bovine enzyme in reduced and oxidized states demonstrate that H503 (which corresponds to the 100% conserved H residue of Cox1-c) is part of an important controlling site for entrance of protons into the dioxygen reduction pathway (Muramoto et al. 2007 ). Because proton pumping and dioxygen reduction are fundamental functions of cytochrome oxidase, these data suggest that Cox1-c (and the C-terminal portion of full-length Cox1) serves a critical function in the cytochrome oxidase complex, thereby explaining why this part of the protein is not easily lost.
Interestingly, full-length Cox1 proteins are interspersed with split Cox1 proteins within eukaryotic supergroups (table 1) . For instance, within Excavata, Cox1 is full length in the jakobids (Reclinomonas) and heteroloboseans (Naegleria) but split in euglenozoans (Euglena; Trypanosoma and Diplonema encode Cox1(-), but corresponding nuDNA-encoded proteins could not be identified). Within Chromalveolata, haptophytes such as Emiliania have Cox1(-) proteins and nuDNA-encoded Cox1-c, whereas related cryptophytes such as Guillardia have full-length mtDNA-encoded Cox1 proteins. Thus far, the only supergroups in which the described Cox1 fission has not been detected are Opisthokonta (including fungi, animals, and their unicellular ancestors) and Plantae (comprising red algae, green algae, and land plants). Conversely, all amoebozoons examined so far have a nuDNA-encoded Cox1-c and mtDNA-encoded Cox1(-). From the perspective of parsimony, the widespread yet punctate distribution of the described cox1 split suggests that sequence encoding the small C-terminal domain of Cox1 was transferred to the nuclear genome early in eukaryotic evolution and differentially lost/activated in different lineages. Alternatively, it is possible that the sequence encoding the C-terminal region of Cox1 (or cox1 in its entirety) was transferred to the nucleus many times independently. Although this scenario appears less likely, our finding could reflect many parallel failed attempts at functional relocation of cox1 to the nucleus (perhaps due to the high hydrophobicity of the intact Cox1 protein), with only a sequence encoding this small, hydrophilic C-terminal end acquiring the necessary expression and targeting signals.
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